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locus ofattentional capacity limitation. The main goal of this article was to demonstrate that capacity limitations in a visual perceptual-input task can also be found when two stimuli are presented in different sensory modalities, in a paradigm that is similar to the one used to study the AB phenomenon.
Several studies have investigated the time course of attentional demands of visual encoding using the following general approach. Under dual-task conditions, both of two target stimuli presented in close temporal contiguity had to be processed. In the control condition, only one of the two stimuli required processing. Capacity limitations in processing mechanisms were revealed by a relative performance deficit in the dual-task condition relative to the single-task control condition. The time course of the attentional demands associated with processing the first stimulus were measured by changing the lag, or stimulusonset asynchrony (SOA), between the first and the second target stimuli in the dual-task condition (e.g., Raymond et al., 1992) . This technique was used to investigate whether an attention-demanding task requiring the processing of an auditory stimulus-s-making a simple decision about the pitch of a pure tone-would cause a deficit in the encoding of a visual target presented concurrently with the auditory task. The two experiments in this article show that making a speeded response to a pure tone caused a sustained attentional deficit in a concurrent attentiondemanding visual encoding task. The results suggest that some aspect of visual encoding may require attentional mechanisms that can be occupied by the concurrent processing of a stimulus presented in a different sensory modality. Implications ofthe results are considered in the General Discussion.
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_ _If---t--Experimental Results from Experiment 1. Filled symbols: Mean accuracy in the visual encoding task depending on the time interval (SOA, in deciseconds) between the auditory stimulus and the visual target and on whether the auditory signal was processed (experimental condition) or ignored (control condition). Open symbols: Mean accuracy in the visual encoding task for the experimental condition depending on response time in the auditory task.
Mean accuracy scores in the visual task were computed for each SOA for each subject and submitted to a mixedmodel analysis of variance (ANOYA) in which groups (control vs. experimental) was a between-subjects factor and SOA was a within-subjects factor. Only trials with a correct response in the tone task were used in these analyses. Accuracy was higher, on average, in the control group than in the experimental group [F(l, 17) = 7.84, MS e = .031600, p < .012], suggesting that processing the tone engaged attentional mechanisms that were required to perform the visual-encoding task. What is more interesting is that the deficit in the experimental group was time locked with the onset of the tone. Accuracy in the experimental group was lower immediately after presentation of the tone and recovered as the SOA was increased. In contrast, in the control group, accuracy was generally higher than in the experimental condition and declined slightly as SOA was increased, although this effect was not significant in a separate ANOYA [F(7,63) [F(7, 119) = 2.69, MS e = .005400, P < .013]. The main effect of SOA was not significant [F(7, 
Method
Subjects. Students at the University of Waterloo with normal or corrected-to-normal vision and normal hearing participated as paid volunteers. There were 10 subjects, 19-23 years (mean 20.6), in the control condition and 9 subjects, 19~23 years of age (mean 20.6), in the experimental condition.
Stimuli. The auditory stimuli were pure tones presented for 100 msec at a frequency of either 400 or 1,200 Hz. The tones were presented by using the internal speaker in the computer. The visual stimuli were uppercase letters (10 visual angle) presented on a computer screen in white on a black background. The letters were presented in RVSp,at the same location at the center of the screen, for 100 msec each with no blank interstimulus interval. There were 6-9 letters (randomized at run time) presented prior to the letter concurrent with the tone and 9-12 letters (also randomized at run time) following the tone. The X or Y could occur, with equal probability, in any of the eight positions following the tone.
Procedure. Each trial began with two symbols at the center of the screen; these provided both fixation markers and performance feedback for the previous trial. A press of the spacebar initiated the RSVP sequence. Subjects in the experimental group responded to the tone, by pressing the> key if the tone had a low pitch or the? key if the tone had a high pitch, as quickly as possible while keeping errors to a minimum. If the response time (RT) to the tone was greater than 1,100 msec, a message was presented asking the subject to respond more quickly to the tone. At the end of every trial (for experimental subjects after the response to the tone), a prompt asked the subject to indicate which visual target had been shown (X or Y). The X key was used to respond "X," and the C key was used to respond "Y." This response was not speeded. The subjects were tested individually in a single session that consisted of two blocks of 32 practice trials followed by five blocks of 64 experimental trials. Each block of trials contained two replications of all possible combinations of the two tone frequencies, the two visual targets, and the eight SOAs. Different random orders ofthe trials were used for each block and for each subject. For additional details concerning the procedure and stimuli, see Jolicoeur (1998) .
Results and Discussion
Figure 1 (filled symbols, solid lines) shows the average accuracy in the visual encoding task (Taskj) depending on the interval of time (SOA) separating the tone and the visual target (X or Y) for the control and experimental groups.
In every trial, letters were shown by using rapid serial visual presentation (RSVP) at the center of a computer display. The stream contained either the letter X or the letter Y (but never both). The visual task was to report, at the end of each trial, which target letter (X or Y) had been shown. This response was made without speed pressure.
A pure tone was presented on every trial, concurrently with the RSVP stream. Control subjects were instructed to ignore the tone. Experimental subjects made a speeded response (pressing one of two buttons) depending on the pitch of the tone. Both groups performed the visual task on every trial. The control condition provided a test for the possibility that the mere presentation of a (concurrent) tone might be sufficient to cause a deficit in the visual task (e.g., Davis, 1959) . perimental group revealed a significant effect of SOA [F(7,56) 
The results from the control group show that the mere presentation ofa salient auditory event concurrently with the visual-encoding task did not cause an attentional deficit. However, when a response that required the processing ofthe tone had to be performed, a substantial deficit in the concurrent visual-encoding task was observed. This difference in the patterns of results as a function of SOA, across the experimental and control groups, shows that performing the tone task interfered with some aspect of the processing required to perform the visual task. Figure I (open squares, dashed lines) also shows accuracy in the visual task for the experimental condition for trials conditionalized on the speed of the response in the auditory task (Task.). The trials for each subject, at each SOA, were divided into two bins on the basis of the median response time in that cell. The mean accuracy was then determined for each bin for each subject. Accuracy was lower, overall, when a long response time was observed in the auditory task than when a short response time was observed [F(I,8) One interpretation of the correlation between RT1 and accuracy in Task-, which is supported by converging experimental (i.e., not correlational) evidence (Jolicoeur, in press-a) , is that the duration of processing in the auditory task had a direct consequence for concurrent processing in the visual task. In this view, the results suggest that a shorter duration ofprocessing in the auditory task releases attentional processes required for the visual task earlier, thereby leading to better performance in the visual task.
An ANOVA, with SOA as a within-subjects factor, was also performed on the response times in the tone task for the experimental group. The RTs were first screened for outliers using a variant ofthe procedure recommended by Van Selst and Jolicoeur (1994) , which resulted in the exclusion of 69 of 2,704 correct trials (2.6%).2 The mean response time was 449 msec, and did not vary significantly across SOA [F(7, 56) Accuracy scores in the tone task (for subjects in the experimental condition) were also computed for each subject at each SOA, and submitted to an ANOVA with SOA as a within-subjects factor. The mean accuracy was 94% and did not vary as a function of SOA [F(7, 56 
EXPERIMENT 2
In Experiment I, control trials were performed under single-task instructions and the experimental and control CROSS-MODAL ATTENTIONAL BLINK 89 functions did not converge completely at longer SOAs. This lack of convergence suggests that some of the difference between the two conditions could be attributed to general costs associated with performing two tasks. In Experiment 2, experimental and control trials were performed by each subject under more equivalent conditions of dual-task load. Within each block of trials, a tone was presented on half of the trials. When the tone was presented (experimental condition), a speeded response was required. The control condition was created by having trials in which the tone was not presented. On these trials, the subject still had to remain prepared to perform the speeded auditory task (because the tone could be presented at any time), but the auditory-tone task was not engaged (because the tone was not presented).
Method
Subjects. Sixteen students at the University of Waterloo, 18-25 years of age (mean 20.6), participated as paid volunteers. All reported having normal or corrected-to-normal vision and normal hearing.
Stimuli and Procedure. The stimuli were the same as in Experiment I, but the procedure differed in the following way.A withinsubjects design was used in which an equal number of experimental and control trials were intermixed at random within each block of trials. When the tone was presented (experimental trials), the subject was required to make an immediate speeded response. When the tone was not presented (control trials), the subject pressed the spacebar, after termination of the RSVP stream, without speed pressure. An unspeeded choice response was made at the end of both types oftrials to indicate whether X or Y had occurred in the RSVP stream.
Each subject performed 2 blocks of32 practice trials followed by 10 blocks of 64 experimental trials containing all combinations of two tone frequencies, two visual targets, and the eight SOAs.
On tone-absent (control) trials, one of the letter positions in the RSVP stream was nevertheless designated as the position for the tone (were one to have been presented). In this way, a lag or SOA could be defined, relative to the hypothetical position of the tone, even for tone-absent trials. In the case of control trials, therefore, SOA codes and provides a control for potential effects associated with the absolute temporal position of the visual target within the RSVP stream.
Results and Discussion
The results are shown in Figure 2 . Again, processing the auditory signal in the simple speeded choice task produced a marked, lengthy, and time-locked deficit in the visual-encoding task. In contrast, accuracy in the control condition was roughly constant across the corresponding positions in the RSVP stream. This pattern of results produced a highly significant statistical interaction between SOA and trial type (control vs. experimental) [F(7,105) Figure 2 (open squares, dashed lines) also shows that, as in Experiment I, a larger deficit in the visual task was associated with a longer duration of processing in the au-demonstrate such interference in the context ofa paradigm similar to that used to study the AB phenomenon (e.g., Raymond et al., 1992) . The results leave no doubt that it is possible to produce an AB-like effect in a visual second task by the concurrent processing of a stimulus presented in a different sensory modality.
One prominent account of the AB phenomenon is that the AB effect reflects capacity limitations in access to, and retrieval from, visual short-term memory (VSTM; Shapiro, Raymond, & Arnell, 1994) . This account cannot easily explain the present findings because it seems unlikely that the presentation of a pure tone would give rise to a representation in VSTM. The VSTM account of the AB effect could be augmented by supposing that there was more than one locus, or more than one type, of interference contributing to the observed performance deficit studied under the rubric of the AB phenomenon.
Three other accounts of the AB phenomenon have been proposed (Chun & Potter, 1995; Duncan et aI., 1994; Jolicoeur, 1998) . In these accounts, visual input is identified to a deep level without significant capacity limitation (late selection). However, the representations activated at this level (called level 1 in Duncan, 1980) cannot be used for further processing (e.g., storage in memory or response selection) without an additional capacity-demanding transformation to what Duncan (1980) called level 2. Chun and Potter (1995) and Duncan and his colleagues (Duncan et aI., 1997; Duncan et aI., 1994) have developed models of the AB effect based on the notion that the fundamental cause of the AB effect is in a capacity-demanding transformation of representations from level 1 to level 2. In their original conception, both of these proposals assumed that AB-like interference would be produced only by within-modality stimulation. Jolicoeur (1998, in press-a) and Jolicoeur and Dell'Acqua (1998) proposed that the mechanisms that transfer information to STM are susceptible to interference from central processing involved in operations such as response selection, mental rotation, retrieval from LTM, or other "central processes" (see Jolicoeur, 1998) . The expression "central processes" is meant to be interpreted in the same sense as that used by Pashler (1994) . These are processes that appear to playa key role in the psychological refractory period (PRP) paradigm. If a component of the AB effect is associated with such central interference, then it should be possible to demonstrate interference associated with the processing of a stimulus presented in a different modality, as was found in this article. The amount of information loss in the visual task would depend on multiple factors, such as the rate of information loss caused by the masking effects of other stimuli in the presentation sequence and by the degree and duration (see Figures 1 and 2 , open squares) of interference caused by the central processing engaged by a concurrent competing task (Jolicoeur, 1998, in press-a, in press-b) .
The theoretical frameworks developed by De Jong and Sweet (1994) and by Rogers and Monsell (1995) 
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The results in both experiments have shown that the processing of a simple auditory signal in an attentiondemanding speeded-choice RT task caused a substantial and time-locked interference in a concurrent visualencoding task that did not require a speeded response (Figures 1 and 2) . The main goal of this article was to useful in understanding the present results. According to De Jong and Sweet, dual-task interference depends both on direct interference and on what they called "task preparation." They argued (and provided supporting evidence) that concurrent tasks could be prepared to varying degrees, and that the efficiency of processing in a given task depended on the degree to which it was prepared. Suppose that both the tone task and the visual task required attention-demanding coordination of cognitive operations. Suppose further that maintaining sets of processes in a prepared state is, itself, an ability that is capacity limited. In this view, the performance of the speeded tone task could have prevented the subjects from preparing optimally for the visual-encoding task. This lowered state of preparation could account for the main-effect difference between the control and experimental groups in Experiment I. Preparation alone cannot account for the AB effect, however, because performance remained high in the control condition of Experiment 2 (tone not presented) despite the fact that subjects had to be prepared to perform the tone task. Perhaps, once the tone task was completed, "preparation" could be shifted to the visual task. This notion is similar to the concept of "task switching" (e.g., Rogers & Monsell, 1995) . If so, we would also expect to see a recovery of performance in the visual task as the lag (or SOA) between the tone and the visual target was increased. Furthermore, an earlier termination of the operations required to perform the tone task would also allow preparation to shift to the visual task earlier, which could explain the more rapid recovery of performance in the visual-encoding task on trials with a short RT, relative to trials with a long RTI ' Potter, Chun, Banks, and Muckenhoupt (1998) have argued that there are two distinct types of AB effects: one due to direct within-modality interference and another due to costs of task-switching. They argued that cross-modal AB effects were due entirely to task-switching costs. In my view, what is most critical is that interference associated with preparation and taskswitch costs would not occur if the visual encoding task did not require central mechanisms (assuming we can rule out peripheral loci of interference; see Jolicoeur, in press-b) .
The present results could be seen as conflicting with those of Pashler (1989) . He found only negligible interference effects on report of visually encoded information when a masked visual display followed a simple tone task at a short SOA. There are many differences between the present experiments and those of Pashler (1989) . Pashler used a more complex visual task involving simultaneously displayed multielement visual arrays and longer exposure durations. It is still not clear which of these or other differences may be responsible for the differences in results, and more work will be required to elucidate this apparent conflict. It is possible that the RSVP procedure used in this article provided a more sensitive test of interference effects on visual encoding.
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Furthermore, De Jong and Sweet (1994) showed that differential task preparation could have large effects on the results of the Pashler (1989) paradigm. They argued (and provided evidence) that Pashler's subjects were relatively less prepared for the tone task and more prepared for the visual task and that this pattern of differential task preparation tended to produce smaller interference effects in the visual encoding task. The obvious cross-modal AB effects in Experiments I and 2 were also quite different from the null cross-modal effects reported by Duncan et al. (1997) . There were several differences in the experimental procedures used in the two studies, however, which could explain this apparent discrepancy. One major difference was the rate of stimulus presentation within sensory modality. In the present experiments, a new visual stimulus was presented every 100 msec. In the Duncan et al. auditoryvisual condition, a new visual stimulus was presented once every 250 msec. It is possible that this difference in presentation rate could provide the basis for an explanation of the apparent discrepancy in experimental results. Other methodological differences could also have contributed to the different results. It is unlikely that the use of an immediate speeded response in Task, in the present work as opposed to a deferred unspeeded response in Duncan et al. (1997) was a determining factor, because Arnell and Jolicoeur (in press) and Potter et al. (1998) both found cross-modal AB using deferred and unspeeded Task, responses. Additional work will be required to pinpoint the boundary conditions of the present effects and those in Duncan et al. (1997) and Pashler (1989) . What is clear, however, is that it is possible to produce large AB-like effects in a visual-encoding task involving an unspeeded deferred response as a result of processing a very simple auditory stimulus. Models of human information processing will need to account for these interference effects. My hope is that this article will provide incentives to pursue these issues in future work.
